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1.0 Introduction
The following report is the Critical Design Review Report for the Additive
Manufacturing Part Failure Detection project sponsored by Lawrence Livermore National
Laboratory. Currently, the Lawrence Livermore National Laboratory uses additive
manufacturing techniques, more specifically powder bed fusion, in order to manufacture metal
parts that cannot be manufactured using normal metal manufacturing techniques. The objective
of this project is to create a part failure detection sensor system that will allow Lawrence
Livermore National Laboratory to detect cracking during the building process. Due to the time
intensive nature of the SLM process, a part that may take 14 days to create could have a defect
within the first hour of manufacturing, but the operator would have no idea that there was a fault
in the manufacturing until culmination of the process. The proposed system will allow the
operator to know when in the process the part became defective, and therefore save resources
and machine time. There is currently no solution to this issue, so any progress made by the Cal
Poly team will greatly enhance the understanding of the failure modes that occur. In addition to
preventing wastage of time and resources, by determining when in the process the failures occur,
the engineers and technicians working with this technology will be able to better understand
what features of the design are contributing to failure. Since there is currently no diagnostic data
available for this process, the engineers working with parts that fail are required to reverseengineer the causes of any failures, and modify the design based on their analysis. With the
results from this project, it will be clear when during the build a failure occurred, therefore easy
to tell what the cause of failure was.
Metal Additive Manufacturing is a cutting-edge technology new to the engineering field,
and as such, there is limited information available, and very few publications on issues similar to
our project. The basis of this process is that a part is created by fusing metal powder with a laser,
one layer at a time starting from the bottom of the part. The user inputs the desired part STL file
from which the part will be based. The STL files take the original designed part files and breaks
them into sections for manufacturing. The machine then designs a path for the laser to follow to
form the layers that will be fused together to form the part. The first layer is created by
depositing a very thin coat of powder, typically between twenty and seventy-five microns thick,
onto a thick base plate, and using a blade to ensure that the coat is level1. Then the laser fuses the
fresh powder to the base plate in the pattern that has been determined by the machine. These
lasers heat the powder up to the material melting point, which varies depending on the material,
but theoretically melt pool can reach temperatures of 5000°K3. Once the layer has been fused,
the base plate is dropped down to allow the next coat of powder to be laid. The base plate is
continuously lowered into a vertical build chamber to allow for each layer to be deposited and
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fused in the same physical location. Often, the first few layers of the part are designed to be an
external support that can easily be cut from the base plate without damaging the part4. Each
subsequent layer is created in a similar fashion; a coat of powder is deposited on top of the
previous layer, fused to the previous layer, and another film of metal powder is deposited. Once
the part is complete, it must be cut off from the base plate, as the first layer was welded to the
base plate. Multiple build cycles can be done on the same build plate; as each build cycle is
completed, the part is cut off and the build plate can be reused2. The build chamber is an Argon
environment, to prevent any metal powder particles from straying off the build plate and creating
unwanted geometry. The build plate and build chamber are sealed off from the technology
below, to protect the internal components from the Argon and metal powder.
Cracks and other part failures can occur during the build from the intense temperature
gradients that occur from the internal welds of each layer. As the laser leaves each spot, the heat
dissipates into the surrounding powder, or into the previously solidified layers of the part. This
can lead to heat building up in the part, and creating thermal stresses in the part in addition to the
thermal stresses from the welding process. The material that Cal Poly will be using on the SLM
(Selective Laser Melting) powder bed fusion machine that was donated by Lawrence Livermore
National Laboratory is stainless steel, which is fairly resistant to cracking. However, many other
materials are used in this process across many industries, and each of these different materials
have individual material properties. For example, Titanium (used frequently by Lawrence
Livermore National Laboratory) is much more prone to cracking, which leads to difficulties in
creating parts with complex geometries. This project will help operators identify cracks and
which features or processes are causing these cracks.
The student team working on this project is composed of three engineers from the
California Polytechnic State University in San Luis Obispo. Shaunessy Grant is a 4th year
mechanical engineering student, Jake Whipple is a 4th year computer engineering student, and
Angel Coria is a 5th year mechanical engineering student. This team will work in conjunction
with the Mechanical Engineering Department and the Industrial and Manufacturing Engineering
Department at Cal Poly, SLO, to develop and prototype a system that can detect a failure in the
SLM process. This project will utilize the SLM 125 HL machine that was donated to California
Polytechnic State University by Lawrence Livermore National Laboratory. The machine is being
set up, with fully operational capabilities expected by Winter Quarter 2017. Since Lawrence
Livermore National Laboratory use their SLM machines around the clock, time off for design,
prototyping, and testing will be very expensive. Utilization of the SLM machine donated to Cal
Poly during the entire designing and prototyping process will allow the team to interact with the
machine without disrupting Lawrence Livermore National Laboratory’s manufacturing schedule.
5

2.0 Background
As mentioned above, there is no current technology that allows the operators to determine
part failure prior to part completion. One major reason that there is no real-time diagnostic data
is that as the part is lowered into the build chamber, the walls of the chamber block all visibility
of the growing part. This greatly hinders the options for sensors, and presents challenges for how
to access the part as it is being made. Additionally, the build chamber is sealed off from all of the
equipment below the build plate, which makes it very difficult to access the part from
underneath. The build chamber is also in an Argon environment, so anything above the seal of
the build plate would need to be compatible with Argon gas. Another difficulty will be selecting
a sensor that can withstand the temperature of the machine. The lasers operate at several
thousand degrees Celsius, and the build plate can reach two hundred degrees Celsius. The sensor
chosen will need to be able to produce accurate data while operating at these temperatures. The
high temperatures and large temperature changes can induce high stresses resulting in cracks.
These cracks can occur at any point in the process, for example, a crack at the bottom of the part
can occur towards the end of the build-time due to stress compilations throughout the creation of
the part. The cracks are a result of the cyclic loading that the part is undergoing with every layer
added or fatigue cracks. These cracks may propagate throughout the part, making it difficult to
analyze the root cause once the part is complete.2 Cracks can also cause parts to shift so that the
initial layers are in different locations with respect to subsequent layers, changing the geometry
of the part.
To determine when in a build parts are cracking, it was clear that some sort of diagnostic
tool would be required. Cameras, thermal sensors, CAD comparison, acoustic sensors,
accelerometers, displacement sensors, infrared detection, x-ray detection, strain gauges, load
cells, and image processing were all considered as potential candidates for the final sensor
system. However, thermal sensors, accelerometers, and acoustic sensors were deemed the most
applicable to this project due to the fact that there would be no need for any analysis prior to the
build. Since each part is unique, it would be very difficult to calculate the stresses and strains,
displacement, predict images, and analyze CAD parameters for each layer of each new part. It
would also be difficult to get infrared or x-ray readings through the metal powder and walls of
the build chamber. Cameras would require constant attention from the machine operators, which
is not feasible during a 14 day build. Thermal sensors, accelerometers, and acoustic sensors were
researched in greater detail after initial analysis and discussion with the Lawrence Livermore
National Laboratory Metals Additive Manufacturing team.
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2.1 Thermal
Thermal sensors measure the temperature of an object or environment to determine energy
characteristics of whatever is being measured. Higher temperature correlates to more energy in
the body of inspection. In this project, thermal sensors could be used to monitor the melt pool
where the metal powder is being fused together, to make sure that there are no discrepancies or
spikes in temperature indicating that the laser is not following the desired path. This would help
if a failure had occurred and shifted the part so that the laser was operating in an area that had
already been sintered.
The most common form of thermal monitoring for applications similar to this project is
pyrometry, which is a non-contact method using the thermal radiation emitted from the body of
interest to determine the temperature of said body. This is done by comparing the intensity of the
radiation of the body of interest to the radiation from a “black body,” or a body that emits no
radiation and absorbs everything.6 This provides a baseline to use as a reference for any part
being analyzed. One of the two methods of obtaining these pyrometry measurements is through
photodiodes, commonly referred to as photoelectric pyrometers. These sensors capture radiation
and transmit an electric signal that is proportional to the intensity of the thermal radiation
observed by the sensor. Almost all of the research that has been conducted with this technique
uses Germanium photodiodes with a wavelength of 400 - 1700 nm5 to analyze the melt pool and
monitor the success of the build through the thermal responses. However, these sensors have an
active capture of about 10 mm2, which would require an array of sensors in order to be able to
capture the entire build area. Such an array would be invasive to the build chamber and does not
meet the requirements set out by LLNL.

Figure 1: Germanium Photodiode

The other method of pyrometric data analysis relies on digital cameras and image
processing. This process uses an array of pixels which convert light into electrical signals that are
proportional to temperature.5 There are two methods of this digital imaging as well. One is that
all of the data from the pixels is gathered and processed by a single processing unit. The other
method uses a different processing unit for each pixel individually. There are pros and cons to
each; a single processing unit simplifies the data gathering process, but produces results that may
7

not be as reliable. Multiple processing units reduce the time that it takes to process the images,
but is much more complex and reduces the area over which the imaging may take place. One
disadvantage to the digital image analysis method is that it would require constant highresolution images, which take up a lot of storage and can be difficult to extract specific data
from. Overall, the thermal research promoted using pyrometry over digital imaging.
Thermocouples are another method of thermal monitoring that would allow for the
detection of defects. This is a contact-based measurement, and therefore less desirable for our
project because of the constantly changing surfaces. Thermocouples are a set of two dissimilar
wires, connected at one end and free at the other. The disconnected ends are placed on two
different surfaces, and can measure the voltage change due to the temperature difference between
the two surfaces. This voltage difference affects the current flow through the circuit, and can be
measured and translated back into temperature readings.5 As mentioned before, this option
requires direct contact to the parts being measured, and could be difficult to integrate onto a part
that is constantly changing.

Figure 2: Example of a thermocouple

Low intensity lasers have also been used for failure detection by measuring the location
of an object in respect to where the 3D CAD model expects it to be. This is enabled by a
transmitter that sends the laser in the direction of the part, and a receiver that can determine the
length of time for the laser to be reflected back. The time is then translated into distance, and
used to locate or dimension the point of interest.5 This could be of use to the project in ensuring
that the part is being formed to the specifications of the part drawing. It could be possible to
input the approximate time that the laser should take to return from any given point at any time
during the process, and if it differs from the signal received, create a warning that the part was
not being built to specifications. One of the issues with this method is that it would be very
difficult to arrange lasers to cover the entire build plate, and monitor the entire build surface for
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discrepancies. Since the part is being built below the surface of the powder, this would require
some sort of internal inspection, and way of detecting the contours of the part beneath the
powder. This would also require a lot of prior analysis in determining exactly where each layer
of the build is expected to be at any time of the build.

2.2 Acoustic Sensors
Besides thermal based systems, audio detection systems have also been a point of interest
for researchers. One of the audio detection systems looked into is ultrasonic. Ultrasonic detection
relies on the use of waves that tend to exceed frequencies greater than 20 KHz and can exist up
to frequencies of 25 MHz7. Using ultrasonic would require the use of a transducer, which
converts energy from one form to another.8 Ultrasonic waves have the capability of detecting
surface or internal flaws without affecting the integrity of the material. Ultrasonic testing works
by first having a pulser/receiver generate high voltage electrical pulses. The electrical pulses
reach the transducer which turns the pulses into high frequency ultrasonic energy. The sound is
in the form of waves and when there is a discontinuity in the wave path some of the energy will
be reflected to the transducer. The transducer will convert the wave energy into an image of the
echo.9 The echo can show the size and location of cracks but requires constant observation to
understand the readings.10 Constant observation is not feasible for a build with time lengths
greater than a few hours, but this could be overcome with an automated system of the feedback
signals showing when a crack was beginning to propagate. Aside from errors in the feedback
signal, another issue is that the ultrasonic vibrations being sent into the part cause vibrations
which could affect the layer of powder that was laid down and cause unwanted stress
propagation.

Figure 3: Demonstration of ultrasonic detection and example ultrasonic sensor
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Another form of audio detection that is of interest is acoustic emissions (AE). Acoustic
emissions occur when there is a sudden redistribution of stress in a material which results in the
creation of an elastic wave. The waves are then picked up by sensors. The sensor waits for a
signal that signifies redistribution of stress, because this indicates crack inception or growth.
Acoustic emission signals are easiest to detect when material is loaded near the yield stress or if
the material is undergoing plastic deformation. The signal generated through AE is dependent on
the size of the crack. If two cracks originate at the same point the larger crack will produce a
larger signal. In order for AE to work best, noise sources, such as frictional losses and impact
sources must be reduced or eliminated with methods such as noise blocking or electronic
filtering.11 Acoustic emission seems as the superior of the two audio detection methods because
with the right noise cancelling technology cracks would be able to detect cracks without the need
of constant observation, and the hardware would be much more simple.

2.3 Acceleration
Another minimally intrusive method would be the integration of a vibration monitoring
system into the baseplate itself. This method is of particular interest to our team for there has not
been much research put into this diagnostic tool. However, this system would have to be able to
withstand a large amount of heat for the baseplate can reach 200°C hen manufacturing certain
parts.2 Due to the rapid heating and cooling that occurs in the SLM process, the residual stresses
that build up on the part being manufactured are massive. This creates cracks and other
deformities that could potentially be felt by a system that is attached to baseplate. The primary
cause of these residual stresses that lead to cracking and deformities is a temperature gradient
mechanism that is a result of large thermal gradients that occur around the laser spot.12
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Figure 4: Example of a vibration sensor

Since the material strength is reduced due to the temperature rise, coupled with elastic
compression induced by the underlying material, when the material cools the top layer will be
plastically compressed. This will cause shrinking and bending to the top most layer exposing the
part to the risk of being defect. Another mechanism that causes susceptibility to defects is
thermal contraction. Like the temperature gradient mechanism, the deformation is caused by the
underlying material creates tensile stress in the top layer and compressive stress below. These
stresses can exceed 750 MPa in a single direction,13 only building as the density of the part
increases. Through visiting the additive manufacturing lab at Lawrence Livermore National
Laboratory and discussing the issue with the experts and technicians there, we learned that the
residual stress that is found inside of these parts means that cracks occur rapidly rather than
progressively. As seen in the picture below, striations (horizontal lines denoting a change in the
process or geometry) occur at various layers throughout the build. These striations are not
considered failures, but show that a failure could be imminent, as the stresses have already
caused small deviations in the geometry. For example, the build seen below did not fully fail
until the build was nearly complete, but striations are visible in layers about halfway through the
part. A system that could measure the amplitude of any vibration that occurs on the build plate
would be able to sense a change in vibration magnitude and alert the operator that a change in the
build has occurred.
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Figure 5:Example of a completed build that failed containing striations

3.0 Objectives
The objective of this project is to design and prototype a sensor system to investigate the
feasibility of using commercially available sensors to detect when failure occurs in the powder
bed fusion process. First and foremost, the sensor must be safe to use in all regards, from the
safety of the operators to the safety of the machine and parts being built. Secondly, the customer
has very high security precautions that we must be compliant with. The system must not to use
any wireless or Bluetooth connections, as this is a government lab. Both of these conditions must
be met with no exceptions. The detection system is also to be non-intrusive to the machine, and
not disrupt any part of the manufacturing process. This constraint is particularly important with
the Cal Poly SLM machine. As this is a brand-new machine, valued at over $500,000, and that
will be used for multiple different unforeseen applications in the future at the university, the
12

machine should not be altered irreversibly in any way that could hinder future usage. Through
testing and research a sensor will be selected to employ in the design. There are no current
solutions for this problem, so extensive research, testing, and evaluation will be done to
determine how to provide Lawrence Livermore National Laboratory with a system that can be
easily repeated for future uses as well. The design will be based off of SLM 125 machine that
Lawrence Livermore National Laboratory donated to Cal Poly. With access to this machine, a
system will be designed that could easily be replicated for use at Lawrence Livermore National
Laboratory.
Through initial analysis and understanding of the task, a number of requirements were
identified that will ensure a successful project. The Quality Function Deployment method was
utilized to narrow down and identify the different sensors that will be evaluated (Appendix A).
This method focuses on the customer requirements, internal evaluation of what is possible, what
can be done within the given time constraints, and what the team skill levels can achieve. Then
the customer requirements will be combined with the individual goals of the team, giving them
an order of importance. Existing designs and solutions were evaluated against our requirements,
and analyzed against our potential solution. This process helped solidify the specifications and
goals of this project, and clarify the relationships between internal goals and external
requirements. However, the bulk of the problem analysis and definition came from discussions
with the sponsor. The project scope was clarified to ensure that all desired outputs were being
covered. The personal goals of the team were also taken into account based on past experience
and desired experience and outcome of this project. These personal goals were measured against
the goals and desires of the customer, and adjusted accordingly.
Below is the Engineering Specifications Table (Table 1), outlining the specifications and
requirements. In the Tolerance column, the baseline goals are shown for each requirement, and
the allowance of deviation from each of these goals. The Risk column states whether the
specification is expected to be a high (H), medium (M), or low (L) risk to achieve. The
Compliance column shows how the requirements will be verified, through analysis (A),
inspection (I), testing (T), or similarity to existing designs (S).
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Spec.

Description

1

Non-Intrusive

2

Maintenance

3

Requirement

Tolerance

Risk

Compliance

Max

H

A, T, I

<30 minutes

Min

L

T, I

Install

Less than 2 hours

Min

M

T, I

4

Ease of
Operation

Does not disrupt
process

5 minutes

M

T, I

5

Safety

No harm to operators

0

L

A

6

Power

Industrial Power
Supply

Min

M

S

7

Temperature

Can withstand 400°C

Min

H

S

Build Space

Table 1: Engineering Specifications Table for Metal Additive Manufacturing Part Failure Detection System

Above all, the product must be safe for the technicians to use. It must be able to
withstand the high temperatures that occur during the additive manufacturing process. Due to the
laser welding, the temperature of the build plate upon which the part is grown may reach 400°C.
It must be compatible with the other aspects of the powder bed fusion environment, such as
vacuum sealed chambers. It must be able to integrate with the SLM machine with the possibility
of withstanding many builds. Often, multiple parts are built on the same build plate, and the
system needs to be able to detect part failures across any parts in the build. Another requirement
is that the sensor system must be low maintenance and easy to install. Any additional operations
that are required for the detection system cannot modify the methods that the operators are
currently using to produce parts, and cannot want to modify any part of the machine process
making the part. Machine downtime during the sensor system installation process must be
minimized. These machines are constantly producing parts for multiple customers, and we do not
want to create any sort of set-back for Lawrence Livermore National Laboratory. It should be
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mobile and easy to transport between machines, if necessary. There are four similar machines at
the Lawrence Livermore National Laboratory, and ideally this system will be compatible with all
of the machines. The lab owns three Concept Laser machines, and one SLM 280 machine2. The
SLM machine is the same manufacturer and make as the one at Cal Poly, it just has a larger build
space, about 280x280x365 mm3 compared to Cal Poly’s 125x125x125 mm3.1 The laser machines
follow the same patterns, building the part up from the bottom one powder layer at a time. It will
be easy to replicate, and generic enough that it can be used with any Powder Bed Fusion
machine.
Due to the availability and condition of the SLM 125 machine at Cal Poly, the sensor
system must not be intrusive to the machine in any way. The instructors using the machine at Cal
Poly have requested that nothing be done to modify the machine. This will greatly limit the
sensor types allowed, and how the system will be able to be installed. Most testing will be done
on the Cal Poly machine, but due to constraints from the university, the design limitations for
testing purposes on campus are harsher than those from the sponsor. The system designed will
fall within the Cal Poly requirements, and if the team feels that there is an alternative, superior
solution that does not fall within the Cal Poly requirements, a system that may fit the needs of
Lawrence Livermore National Laboratory will be detailed and recommended.
In addition to designing a sensor system that can detect when cracks occur, a secondary
objective is to go beyond the minimum requirements of the sponsor, and provide the machine
operators with an alert system that will allow them to stop the process when a failure is first
detected. Currently, because there is no detection system for this process, many materials and
resources are wasted due to early part failure. Since Lawrence Livermore National Laboratory is
working with new materials and custom-made parts, these resources can be very rare and
expensive. Some of the parts being made can cost thousands of dollars, and this would save the
costs of full production for a part that is faulty. By notifying the operators when a failure has
occurred, an option will be given to discard the build and save valuable time and other resources
that would have gone into completion of a faulty part.
** Updates to Section 3 - Objectives
1) The sensor selection process will be heavily dependant on research, but ultimately,
Lawrence Livermore would like the sensors installed on the Cal Poly SLM machine to be
the exact models of the sensors that they are purchasing for their own machines.
2) Objectives Updated: Requirements as Defined by Sponsor (11/3/2016)
a) Diagnostic System shall be able to detect when a part cracks during a build
(identify the point in the build when the crack propagates)
15

b)
c)
d)
e)
f)
g)

Develop a simple notification system to alert the operators of a failed build
For example, when a certain threshold is reached, a light could turn on
Design should be inexpensive, conclusive and simple
Minimize waste of test material required
It should be safe for human operators
It shall be integrated into the SLM Machine without negatively affecting the build
process or damaging the machine

4.0 Design Development
4.1 - Initial Design - 1st Iteration
This project has two main components to it that will be designed for. The first is which
type of sensor to use to detect any failures that may occur during the builds. This is the primary
issue, and majority of this project. Prior to any testing, there is no information that would help
determine which sensor type would be the most appropriate. The second issue is the location of
any sensors implemented. The location of the sensor depends on the type of sensor chosen. For
example, a thermal sensor should be mounted near the laser for a Lagrangian reference frame of
the melt pool. Acoustic and vibrational sensor should be mounted touching or embedded in the
base plate, to monitor the development of the part. Project design sessions began with
determining which sensors would be the most applicable, then analyzing the different potential
locations. Multiple “ideation” sessions were held, where various sensor configurations
brainstormed and discussed. Because this project is based upon configuring different off-theshelf products, the majority of the brainstorming would come from researching each individual
sensor type and learning how to integrate them into the overall system.
Initial research on sensor types was difficult due to the fact that there is no data on
previous trials or initial design concepts to build upon. Since this project is unique and has not
been attempted before, it was difficult determining what type of measurable output would be
able to be sensed by a sensor. Also, because this technology is so new at Cal Poly, a lot of the
initial decisions were made based on the sponsor’s understanding of the machine workings.
Based on the recommendations of the sponsor and the sponsor’s understanding of the SLM
machine workings, the thermal sensor, acoustic sensor, and vibration sensor categories were
researched in detail. Research helped determine which general sensor areas had been used
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successfully in similar applications, and which types of sensors seemed the most promising. For
acoustic sensors to measure audible changes, acoustic emissions sensors and ultrasonic sensors
seemed to fit this project the best. To measure vibrations of the build plate and determine
cracking, displacement sensors and accelerometers would be best. Visual thermal sensors were
investigated to monitor the weld pool energy and determine stress concentration areas.
Each of these sensors were rated against the design constraints and specifications. The
constraints and specifications began with the requests from the sponsors, specifically that it must
be safe for the operators, non-intrusive to the build process, not damage the machine, be simple
and conclusive, and minimize wasted material. The first analysis and comparison of sensors was
done through the Pugh matrix format, as shown below.

Table 2: Pugh Matrix for sensors

From this analysis, a general comparison was generated that showed the most promising sensors.
As shown in Table 2, the accelerometer and AE (acoustic emissions) were the top results.
Through a presentation and discussion with Lawrence Livermore National Laboratories, it was
decided that this project should move forward using the accelerometer and acoustic emissions
sensors.
In addition to comparing single sensors, another idea was to combine different types of
sensors to integrate into the sensor system. This would provide an option of analyzing multiple
types of output from the machine, and possibly give a wider range of data that would be able to
detect cracks through various means. Each of the sensor options and compilation options are
rated against the specifications listed in the Decision Matrix in Appendix C. The most heavily
weighted categories were safety for the operators and the machine, accurate data in real-time,
and non-intrusive (no change to the machine process or the operator process). The Decision
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Matrix, helped determine that an accelerometer would be the best single sensor, and an
accelerometer coupled with an acoustic sensor would be the best overall option. Because there is
no research on what outputs from the machine could be measured, it is difficult to tell whether
either of these sensors will be able to pick up valuable data useful for this application.
Another major aspect of the design is the location of the sensor(s). Cal Poly and
Lawrence Livermore National Laboratory have different restrictions on where the sensors can be
placed. Cal Poly does not want the system interfacing with the machine at all, while Lawrence
Livermore National Laboratory intends to let the sensor system interact and alter more of the
machine. From these constraints, initial research, and the recommendations of the sponsor, it was
determined that the most apt location choices for the sensors would be: embedded in the base
plate, located under the base plate, located on the side of the elevator shaft, located below the
elevator shaft, attached to the machine walls, attached to the laser, or outside of the machine
completely. In addition to each individual location, putting sensors in multiple locations was
considered. From analysis based upon the same constraints and parameters as the sensor
decision, it was determined that the ideal single location would be embedded in the base plate,
and that multiple sensors could be embedded in the base plate and below the base plate.
However, this particular analysis did not take into account that the different locations would
provide different vantage points when compared with each other.

Table 3: Pugh matrix for sensor locations
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Figure 6: Layout of all potential Sensor location

Similarly to the brainstorming and initial design process with the different sensor types,
the decision process for sensor location started with a Pugh matrix. Due to unfamiliarity with the
machine, the constraints of different locations with different sensors was not taken into account.
For example, a camera would not be useful under the base plate. Below is a sketch of our initial
Pugh matrix regarding sensor location within the SLM machine.
Another aspect considered when determining the top location ideas was that certain
locations will only work with certain sensor types. For example, a thermal sensor for monitoring
the melt pool would not provide useful data mounted anywhere except above the melt pool.
Accelerometers would not be of much use on the walls of the machine. This helped narrow down
the sensor selection, due to the feasibility and intrusivity of each sensor location. Below is
another Pugh matrix of the different sensors in appropriate locations for each.
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Table 4: Pugh matrix for sensors integrated with location

From the selected top sensor types and locations, thermal monitoring sensors were
eliminated from the idea pool, as they would not be appropriate for our design considerations. A
thermal sensor would require hours of analysis before any build, as each build is unique and
different, and would require different energy inputs, heat generation, and thermal emissions. This
would also require constant operator interpretation of the data. As some of these builds can take
up to 14 days of machine time, this was not a feasible option. Acoustic sensors and
accelerometers would monitor the response of the part and machine, and could be compared to
normal running data. This would allow the system to monitor anything out of the ordinary, rather
than doing analysis on each build and interpreting real-time data against previous calculations.
Both selected options could be wired to a Data Acquisition system (DAQ), and programmed
with an algorithm to alert the operator when a failure has occurred, or machine behavior is out of
the ordinary.
Acoustic emissions sensors and accelerometers can also be integrated into the base plate,
either embedded or mounted below, which were the leading location ideas. CAD drawings of
these options are shown in Figure 7 and Figure 8.
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Figure 7: Sensor underneath the build plate

Figure 8: Sensor embedded in build plate
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Once the more favorable solutions were determined, they were presented to the sponsor
in an informal report. The sponsor agreed that thermal sensors were not practical for this
application, and shared that they intend to do tests with similar sensor options for projects they
are running. This project, run at Cal Poly, will work in parallel with what the Lawrence
Livermore National Laboratories is doing in their lab, and results will be shared for mutual
advancement. The Metal AM team at Lawrence Livermore National Laboratory has in their
possession an acoustic sensor that they plan on implementing into their machine for preliminary
data collection tests within the next two weeks. The Cal Poly team will be able to use the
resulting data to gather more information as to what type of data is received from the machine in
use. The Lawrence Livermore National Laboratory team recommended that the students at Cal
Poly continue looking into specific models and brands of accelerometers and acoustic emissions
sensors to determine exactly which sensors to could buy that would conform to all specs.
Moving forward, the Cal Poly team will begin designing a test plan for each of the
sensors in various locations. The majority of the project will be testing and analyzing the sensor
system implemented. It is anticipated that the bulk of the testing will be focused on determining
the ideal placement of sensors around the part being manufactured. This may be one of the main
challenges for the Cal Poly team, coordinating a testing schedule with the Cal Poly IME
department and the restrictions that they have placed on the machine. Once the prototype has
been tested to determine its capabilities, focus will be on ensuring that it is easy to manufacture,
use, and implement in the machines at Lawrence Livermore National Laboratory.
Updates to Section 4 - Design Development
1) Final sensor decision was based upon which sensors Lawrence Livermore National
Laboratory would be buying. After much discussion, it was decided that Cal Poly would
purchase the same sensors and Lawrence Livermore National Laboratory. This would
allow both teams to work together to find the best configuration for the sensors
purchased. This decision was influenced greatly by the joint sensor research done by the
Cal Poly team and the Lawrence Livermore National Laboratory Metals Additive
Manufacturing team. Due to the security requirement (no wireless/bluetooth), high
resolution, high frequency, and size constraints necessary for a complete analysis of the
SLM machine function, only one manufacturer was considered. Kistler is a leader in the
diagnostic technology industry, and was ultimately chosen as the vendor for the sensors
purchased.
2) See Sections 4.2-4.3 for updates to the location decision. This was changed multiple
times due to more information being released about the internal component geometry of
the SLM machine and different components not be accessible.
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4.2 - Second Iteration Design
During multiple conference calls with the machine manufacturer in the week of January 16th, the
team discovered that the assumptions that had been an integral part of the initial design were
false. Initially, all designs had been based off of a very similar Powder Bed Fusion machine that
Lawrence Livermore National Laboratory was working with, designed and manufactured by
Concept Laser. There was not much information given about the SLM machine that Cal Poly had
on campus, and as it had not yet been installed, there was no way to determine what would be
possible. The main assumption that proved to be false was that the build plate would be directly
accessible from below. The implication of this assumption was that the sensors could be
embedded in the bottom of the build plate, and then wires could be run directly from the sensors
out the bottom of the build chamber, and hooked up to a Data Acquisition System external to the
machine. However, once the initial plan had been finalized and approved by both Lawrence
Livermore National Laboratory and the Cal Poly IME department, it was determined that that
was not the case. On the SLM machines, below the build plate was another plate (the “mounting
plate”), used for mounting the build plate to the lead screw that functioned to lower the build
plate incrementally throughout the build. Below this mounting plate was a heating element that
maintained the build plate a constant temperature input by the user, up to 200℃. There is no
passage between the build plate and the mounting plate for any wires to pass through, nor any
passage from the mounting plate to the external of the machine for wires to the Data Acquisition
System. (See Figure 9 below).

Figure 9: CAD layout of build plate, mounting plate, and heating element, provided by SLM
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In addition to the new information regarding the layout and geometry of the build
chamber, more information was given about the requirements of the build chamber at this time as
well. The build plate is hermetically sealed off from the components below, to keep the Argon
gas and metal powder particles out of the mechanical and electrical elements of the machine.
According to SLM installation technician Dan Garman, it takes a very small amount of metal
powder outside of the designated area to shut down the machine. Therefore, it is vitally
important that the hermetic seal not be bypassed in any sensor system design, For this reason, the
second design iteration would take place not in the base plate, but in the space below the
mounting plate, under the plane of the hermetic seal.
The second design would require the removal of the heating element beneath the
mounting plate. The heating element is not required for builds made with steel, but it does add
desireable qualities to the finished products of some materials. Cal Poly will be working
primarily with steel powder, so removing the heating element should not cause any major
impediments, and this design alteration was approved by the Cal Poly IME Department.
Removing the heating element would open up a square volume under the mounting plate with a
height of 7.5mm. While the available volume from removing the heating element would not be
enough to contain the sensors, it would be possible to drill into the mounting plate and create
pockets for the sensors. While this does go against one of the Cal Poly requirements, that this
project must not permanently alter any part of the machine, SLM guaranteed that it would be
possible to purchase a replacement mounting plate should the heating element be re-installed
after the conclusion of this project.
At this point in the project, specific sensor models were identified and chosen. By far the
most challenging specification to hit when determining specific sensor models was the high
temperature requirement. Due to the wide frequency range and high sensitivity desired because
there is no available information about the output of the SLM machine, there are not many
manufacturers that produce such cutting edge diagnostic tools. The majority of sensors on the
market do not reach above 165°C, and those that due cannot meet the rest of the requirements for
this project. Kistler Group produces a high temperature (up to 165°C), lightweight, wide
frequency range triaxial accelerometer that fell within the security requirements, as well as a
high temperature, wide frequency range acoustic emissions sensor. Kistler is a Switzerland based
company focusing on “dynamic pressure, force, torque, and acceleration measurement” (Kistler
Mission Statement). Their 8766A500AH 500g PiezoStar® Triaxial Accelerometer was chosen as
the ideal accelerometer for this application. The Kistler 8152C0050000 Piezoceramic Acoustic
Emission Sensor was chosen as the acoustic emissions sensor for this project. In addition,
because of the space constraint in the mounting plate, a single-axis accelerometer was added to
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the sensors to be used in this project. Kistler’s 8278A500SP5 500g Ceramic Shear
Accelerometer was chosen in addition to the triaxial accelerometer and acoustic emissions sensor
listed above. This single-axis accelerometer is one fifth the size of the triaxial accelerometer, and
would not require any drilling into the mounting plate, being only 3.3mm in height. All three of
these sensors were purchased, as outlined in the Cost Analysis section.
Due to the size of the sensors chosen, the alterations to the mounting plate would not be
excessive. The accelerometer that was chosen is a 10.9mm cube with a protrusion that reaches
7.6mm further (see Fig. 10). This would require drilling a 10.9x10.9x4mm pocket into the
mounting plate. The mounting plate is 22mm thick, so this would be removing approximately
18% of the material between the sensor and the heating build plate. The acoustic emissions
sensor is 16mm in height, and would require drilling a 15x23.5x8.5 pocket in the mounting plate
(see Fig. 11), which is 38.6% of the height. This is more considerable, and would require close
monitoring and analysis to ensure that there was no detrimental heat transfer effects from
removing this much material in one spot. However, it is safe to assume that there will not be any
heat transfer consequences because by removing the heating element, the bottom of the mounting
plate should not experience a large temperature jump. The powder particles in the build chamber
disperse much of the heat from the lasers, diverting the heat from reaching the bottom of the
mounting plate, under the 1-inch steel build plate.
At this time, it was also assumed that all of the wiring and cables could be routed out
through hole in the mounting plate already in place for the cables to the heating element, as
shown in Fig. 12. The routing holes were reported to be 6mm in diameter, and should therefore
be able to hold the wires for the designated sensors. However, as was discovered later, the
diameter of the cables and orientation that they must be fixed in would not be compatible with
the routing holes available.
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Figure 10: Dimensions of the tri-axial accelerometer, provided by Kistler

Figure 11:Dimensions of the Acoustic Emissions sensor, provided by Kistler
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Figure 12:Dimensions of the mounting plate, provided by SLM

4.3 - Third Design Iteration
One week after the second iteration design was complete, the Cal Poly team was
informed that the Lawrence Livermore National Laboratory Metal Additive Manufacturing team
was no longer comfortable with the sensors being placed inside the build chamber, drilling holes
in the mounting plate, and removing the heating element. There were many reasons for this
decision, among the top being the fact that all SLM machines at Lawrence Livermore National
Laboratory are run with the heating element on, due to the characteristics materials that are being
used. Additionally, there was no guarantee of when the heating element could be re-installed,
along with a new mounting plate. Re-installing the mounting plate could potentially cause downtime for the Cal Poly SLM machine, limiting future usage. Removing the heating element would
also restrict the usage of the machine for the duration of this project, and could potentially create
undesired characteristics in any parts made with this machine. Since the machine at Cal Poly is
brand-new, there was a lot of hesitation making any alterations to the inside components.
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The third design iteration has two separate components, dependent on the type of sensor.
The accelerometers will be attached to the bottom of the ceramic plate, which lies below the
heating element. Since there is currently no information on what the output of the SLM will be,
or what a crack would look like, both sensors will be used to gather a larger amount of data, and
therefore provide more information about the inner workings of the machine. Both the singleaxis and triaxial accelerometers will be mounted using an adhesive, as is common in industry.
The adhesive will put one side of the accelerometer in direct contact with the bottom of the
elevator mechanism. Since the heating element can reach 200°C, the adhesive used must be able
to withstand high temperatures. Silicone adhesives retain their properties and can have a glass
transition temperature up to 300°C. This is ideal for the environment in which the accelerometers
will be mounted. Kistler also recommended using this type of adhesive, as it will not do any
damage to the accelerometers. Since the adhesive will have a slight dampening effect on the
accelerometers, Kistler advised using the least amount of adhesive possible when mounting the
sensors. As shown in Fig. 13 below, the sensors will be mounted on various locations, one on the
circular plate and one on the square plate. Initially, the accelerometers would be moved around
for each test, to determine the location where the best response came through. However, the
adhesives being used will not allow for easy removal. Therefore, the triaxial sensor will be
mounted at location 1, and the single-axis accelerometer will be placed at location 2. Location 1
is one layer closer to the build plate, and it is assumed that the vibrations will be stronger and
therefore easier to register at this location. Since the triaxial sensor will be providing more data
and has a higher resolution, it will be placed at location 1. In the figure, the cubes represent
different options for the placement of the sensors, and the cylindrical studs represent the preexisting studs on the plates to provide support and mobility for the entire build elevator.
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Figure. 13:Locations for accelerometers

Kistler recommended that the acoustic emissions sensor be mounted differently than the
accelerometers to provide the best response data, as it gathers data in a very different fashion
from the accelerometers. The acoustic emissions sensor has one particular side where the data is
gathered. This data gathering mechanism consists of a pin connected to a diaphragm. The pin
extends slightly beyond the surface of the side of the sensor on which it is placed. This pin needs
to be in direct contact with whatever surface it is measuring from. The pin registers changes in
the acoustic vibrations coming through the material which it is attached to, the signal travels to
the diaphragm which triggers the sensor. As mentioned above, rather than transmitting a signal
and analyzing the result, the acoustic emissions sensor simply waits for a major disruption from
the background noise, which can be filtered out. The acoustic emissions sensor will be mounted
directly to the external walls of the build chamber, within the machine. This is the closest to the
part being built that a sensor could be placed without using an adhesive. Since the pin-side of the
sensor needs to be in direct contact with the structure that it is monitoring, an adhesive will not
provide the proper form of contact. There needs to be a force on the opposing side of the sensor
to keep the pin in contact with the surface. Therefore, the sensor will be held in place with a
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retaining ring, which will hold the sensor in place against the wall of the build chamber. This
retaining ring will encompass the entire build chamber, and bolt onto itself to provide the
pressure necessary to maintain the sensor in place. There will be silicone pads placed around the
inside of the retaining ring to ensure that it does not slip out of place along the build chamber.
The retaining ring will be made of 303 Stainless Steel, as it can withstand temperatures well
above 200°C, and is inexpensive and easy to machine. The walls of this retaining ring will be
16mm thick, and it will be bolted onto itself using M5 bolts. Figure 14 below shows how the
retaining ring will interact with the acoustic emissions sensor and the build chamber outer walls.

Figure 14: Model of the retaining ring and sensor

At the conclusion of this project, the sensors will be removed to the machine and returned to
Lawrence Livermore National Laboratory. The accelerometers will be removed with a special
tool provided by Kistler to aid with safe removal of sensors that have been attached using an
adhesive. These sensors will be installed into the Lawrence Livermore National Laboratory SLM
machines following the success of this project.
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4.4 - Data Acquisition and Analysis
In order to analyze all of the data that will be taken using the sensors, in conjunction with
the team at Lawrence Livermore National Laboratories, the Kistler LabAmp 5165A4 was chosen
to be the data acquisition device. The main reason for this selection of this particular lab amp
came down to a few critical factors. This lab amp allows for a very high sample of 625 kSps, but
also the ability to be able to read very high frequency voltage input of 100 kHz. Another key
feature is the ability to integrate a Piezotron Acoustic Emission sensor into the same Data
Acquisition system in conjunction with the accelerometers that are usually used with the data
acquisition device.
Since there has been nothing like this done before, one of the main objectives of this
project was to have data about a cracking event and what occurs in the system when something
like that occurs. The Kistler Lab-Amp provides two interfaces in order to do this. The first is a
graphical user interface (GUI) that is integrated into the lab amp. It provides real time statistics
as to what is happening in regard to the sensors. Other features included in this user interface are
the ability to apply a high-pass or low-pass filter to the input signal, and to record the input
signals to a CSV file. These features will provide a starting place in order to identify what
happens when a part cracks. See Appendix F. for a more detailed look at the features provided by
this user interface.

Figure 15:Home Screen of the GUI Provided with the Kistler Lab Amp
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The second interface that is provided is the ability to integrate the lab amp into LabVIEW
with provided drivers. This provides the best real time analysis option, but without first
analyzing the results of the GUI, there is no telling what exactly in the data a crack looks like.
The use of both of these interfaces will be critical in determining when a crack occurs and
designing software that is able to detect a cracking event.

Figure 16:Sample LabVIEW VI provided by Kistler
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5.0 Final Design
5.1 - Final Design Details and Drawings
The final design is dependant on the geometry of the SLM machine build chamber. Since
the closest accessible point to the build surface is the ceramic plate that encompasses the lead
screw (see Figure 9B below). Late in the design process, SLM revealed that it would not be
possible to travel higher than the ceramic plate, as there is a hermetic seal that is imperative to
maintain for machine function.. Both of the accelerometers will be mounted to the ceramic plate.
The single axis accelerometer will be mounted with Loctite Silicone Sealant, High Temperature
adhesive to the circular plate below the ceramic plate. After discussing the design more in-depth
with Kistler, it was recommended that the triaxial accelerometer be mounted in the same area as
the single axis sensor, but using an off-ground base. The triaxial accelerometer requires
additional electrical grounding for peak performance, and the off-ground base would provide
this. The off-ground base will be attached to the triaxial accelerometer via the 5-40 threads
tapped into the accelerometer, as well as a threadlocker to secure it. The off-ground base will
then be mounted to the ceramic plate using the same adhesive as the single-axis accelerometer.

Figure 9B: CAD layout of build plate, mounting plate, and heating element, provided by SLM

The final design for mounting the acoustic emissions sensor has changed in the
interaction between the sensor and the retaining ring. The retaining ring will remain unchanged
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except for the side which houses the acoustic emissions sensor. Rather than placing the sensor
between the retaining ring and the outer wall of the build chamber, the retaining ring will have a
pocket that the sensor will sit in, and then a plate will be screwed on to the sensor from behind.
This method was recommended by Kistler because the acoustic emissions sensor is designed to
be attached to the surface which it is monitoring with a screw. A M6 screw will secure a top
plate onto the sensor, which is attached to the retaining ring, as shown below. This will provide a
constant, measureable pressure on the sensor, without creating an excessive force on the walls of
the build chamber. The side of the retaining ring with the sensor will be the exact height of the
sensor (16mm), to ensure that the top plate is in even contact with the sensor. The plate
containing the sensor will be attached to the rest of the retaining ring using M5 bolts and a
threadlocker.

5.2 - Final Design Cost Analysis

Already Purchased

Anticipated Costs

Sensors
Triaxial Accelerometer: $1,715.00
Acoustic Emission Sensor: $705.00
Single-Axis Accelerometer: $583.00
Sensor Equipment
LabAmp: $2.924.00
Acoustic Emission Coupler: $717.00
Plug In Filter Set: $329.00
Triaxial Output Cable: $253.00
Connecting Cable: $68.00
Total Already Purchased: $7,294.00

Material for mounting sensors
Adhesive - $75
Metal Enclosure - $50
Extraneous - $125
Total Anticipated Cost: $250

Total Overall Cost: $7,544.00

6.0 Manufacturing Plan
The manufacturing for this project will consist of creating the retaining ring for the
acoustic emissions sensor. The accelerometers will simply be glued on to the ceramic plate, so
the only necessary “manufacturing” for that is to apply a very small amount of adhesive to the
sensors, and place them carefully onto their desired location. The triaxial accelerometer will
require the extra step of attaching the off-ground base to the sensor before adhering the offground base to the ceramic plate. This will be done by screwing the 5-40 thread of the off-ground
base into one of the matching holes in the accelerometer.
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The manufacturing for the acoustic emissions sensor retaining ring will be more
involved. First, the material to build the retaining ring must be purchased. This will be a soft 303
grade stainless steel, so that it will not mar the outer walls of the build chamber. 303 stainless
steel is easy to machine, which will simplify the machining process. Once the material arrives,
The Cal Poly CNC machines will be utilized to complete all machining processes, as they are
consistent and can produce parts to tolerances within 2 thousandths of an inch. Shaunessy will
perform most of the machining as she is currently in a CNC machining class and has experience
in machine shops. Both the retaining ring and the plate across the top of the acoustic emissions
sensor will be made of 303 stainless steel, and machined on the Cal Poly CNC machines. The
retaining ring and top plate of the sensor will be machined by 3/13/2017. The assembly will be
fit onto the SLM machine by 3/14/2017 so that data can be collected by the 3/17/2017 test date.
The front of the retaining ring, with the pocket for the sensor, will be bolted onto the side plates,
and a threadlocker will be used to ensure a solid part. Then the front plate and the side plates will
be slid around the outside of the build chamber, then the back C-channel will be attached using
nuts and bolts. The nuts and bolts will be purchased from McMaster Carr, and the threadlocker
will be purchased online.

6.1 - Proposed Manufacturing Timeline
3/3/2017 - Order all materials
3/13/2017 - Machine all parts
3/14/2017 - Install all parts into the machine

6.2 - Updated Manufacturing Timeline
3/8/2017 - Order all materials
3/13/2017 5/14/2017- Machine all parts, took longer due to difficulties machining steel. During
the machining process, stainless steel work hardens due to the thermal stresses associated with
cutting metal. This creates a hard surface layer of steel that is prone to breaking tools when
attempting to further machine.
5/15/2017 - Install accelerometers into the machine.
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7.0 Management Plan
7.1 Tasks
Team responsibilities have been split up based off of the project needs during the process.
All members are responsible for gathering information and discussing amongst the team and
creating agendas for sponsor meetings. Manufacturing processes shall also be handled
collectively. Angel will be the treasurer, in charge of maintain the team’s travel budget and
materials budget. This includes working with the sponsor and ME department for purchasing
materials. Shaunessy will be the correspondence between the Cal Poly team, the Lawrence
Livermore National Laboratory Metals AM team, and the Cal Poly Mechanical Engineering
Senior Project advisors. She the main point of communication with the sponsor, will facilitate all
meetings, and maintain and organize the email account. During meetings with the sponsor, she
will take written notes and maintain information repository for the team. Jake will be in charge
of keeping the team on track and setting time limits for tasks. During meetings with the sponsor,
he will take notes on the agenda and maintain organization of the Google Drive.

7.2 Deadlines
On November 18 the Preliminary Report is due, at which point the sensors to be used will
be narrowed down to whichever are most compatible with the SLM machine. At this point, it has
been decided both accelerometers and acoustic emissions sensors would be good options, so
initial design work will be done for both. The location of the sensors has also been narrowed
down to within or below the base plate. By December 2, the specific models of accelerometers
will be researched, and the team will reach out to potential vendors. Following this will be the
research of acoustic sensor models, which will be completed by December 8. A test plan will be
presented to the sponsor on January 12, with preliminary analysis to validate the plan. Any
modifications needed will then be completed by January 13. Test plan iteration and additional
test plan analysis will be completed by January 27. By February 3 specific vendors and models
of sensors will be decided. The Critical Design Report is due on February 7, which will be used
as the basis for the Critical Design Review. The CDR report will include the final design,
detailed drawings and cost estimations of the system, a design analysis confirming that the
design meets the design specifications given by the sponsor, safety considerations, explanation
and justification of material selection, fabrication and assembly instructions, maintenance and
repair considerations. Using the feedback from the CDR, necessary adjustments will be made,
and the initial build will begin. The initial prototype of the sensor system will be completed by
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February 17. Preliminary tests outside of the machine environment will take place through
February 25. These results will be analyzed through March 3. Modifications and adjustments
will be made based off of the analysis from the first round of preliminary testing. A second round
of preliminary testing will occur through March 10. This will be followed with analysis through
March 17. Another set of modifications will be done and followed with the first round of
machine testing which will be completed by March 24. Another set of Analysis will be
completed by March 31. This will be used for further modifications. The following weeks will
consist of one week of testing followed by analysis and modifications which will take place
through May 12. By May 19 the overall results of the testing will have been analyzed and
compiled into a final product where we will include recommendations and ideas to consider for
future iterations of the sensor system. The information attained will then be used in the final
report and presentation. The Final Design Report and Expo are both on June 2nd, by which time
we will have drawn final conclusions on the success and recommending the system for industrial
use. This will be followed by discussing lessons learned as a result of the process on June 8.
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Table 5:Gantt Chart excerpt with timeline dates

7.3 Updates to Timeline
As shown in the updated Gantt Chart the timeline has shifted, due to the availability of
the SLM machine and the sensors. Below is an updated Timeline
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Table 6:Updated Gantt Chart
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7.4 Proposed Testing Plan and Validation
Since real time fault detection is not a common practice in additive manufacturing, the
biggest piece of being able to validate the system will be establishing a baseline to compare
against. In fact, there will have to be several baselines that will have to be established due to the
many parameters present in each build. The majority of the parts build by Lawrence Livermore
National Laboratory are being built for the first time, so trying to compare build to build is not a
realistic idea. Therefore, detecting part failures will have to come from detecting anomalies
against the baselines established.
To establish the ability to detect cracks within the part, a few tests will be run in order to
establish a baseline. First off, a test will be run with the system mounted inside with the SLM
machine just being turned on, no part being manufactured. The purpose of this will be to measure
the static noise that is generated simply by the normal operation of the machine even without a
part being made. The second baseline test that will take place is measuring the emissions felt
through the machine while the laser is operating. Since most parts are unique in shape and
volume, there is not a set duration for the amount of time that the laser will be in use. This
baseline will allow the system to distinguish normal laser operations from a crack occurring in
the part being made. Another test that will need to be run in order to establish a baseline will be
to have the elevator recede with a fresh layer of powder being added to the top. This will allow
the sensor to establish the baseline noise created when a fresh layer of powder is being laid
during a build. Together, these three tests will establish a strong baseline in order to compare real
time data against. These initial tests will be completed by
The next sets of tests to be conducted will involve the construction of parts that crack,
and ones that do not crack. With no previous data being available on the forces exerted on the
environment around a part when it cracks, these tests will be used to examine what exactly
happens when a part cracks. Based off the analysis of this initial data, the team determine what
testing route is appropriate and move ahead with those series of tests. These tests will be building
basic geometric shapes to predict the results for in order to fine tune the system, along with parts
that will crack in order to test the functionality of the system and make adjustments as needed.

40

As far as validation against the specifications from Lawrence Livermore National
Laboratories, the system will be continually compared against their specifications to make sure
that the system meets their need. Specifically, minimal waste of test materials, safe for human
operators to use, integration into the SLM machine without affecting the functionality of the
SLM machine, and a notification system when the build has failed. The system design will be
fully validated when a part can be manufactured and the system produces an alarm during the
process. The build will be completed, and a thorough structural analysis of the part will be done
to determine whether or not the alert was at the time of a part failure.

7.5 Updates to 7.4 Test and Verification Plan
1) 3/3/2017 - The very first test with the SLM machine will be running the machine with
a thermometer. This will establish exactly what sort of environment the sensors will
be mounted in. This will be done with a laser thermometer while the SLM is creating
a part.
2) 3/10/2017 - Preliminary Sensor Testing. The sensors will be tested externally from
the machine to determine exact sensitivity and frequency response. These tests will
include using known forces upon objects that the sensors are attached to
3) 3/17/2017 - Typical Build with Sensor System. This test will be running the sensor
system during a part that has been previously proven not to fail. The part geometry
and part file will be provided by Lawrence Livermore National Laboratory. The
results from this test will help establish a baseline to compare to when the system is
tested with parts that due crack. This baseline will represent a part that is being build
successfully, and any large deviations would signify a crack or other part failure.
4) 4/14/2017 - Direct Comparison Between Similar Cracked and Uncracked Parts. This
test will be comprised of two parts; one part will gather response data from a build
that has previously run successfully, the other part will gather response data from a
very similar geometry that has been previously proven to crack. The part geometry
and part file will be provided by Lawrence Livermore National Laboratory. The data
will be analyzed and compared, to determine if there is a great difference or distortion
that occurs when a part cracks. The data for this test will be available by 4/21/2017.
5) 4/28/2017 - Guaranteed Part Failure. This test will analyze the response data from a
part that is known to fail, and attempt to identify exactly when in the build the crack
occurred. This will be cross-referenced with data provided about the part beforehand,
and any design that was pre-evaluated to ensure that the part would crack in a given
timeframe. The part geometry and part file will be provided by Lawrence Livermore
National Laboratory, as well as a given time frame in which the part is expected to
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crack.
6) 5/5/2017 - Unique Parts. This test will consist of running as many parts as are
available to see if the sensor system can identify cracks forming in parts that are
unique. This test can be done in conjunction with whatever other parts are being build
by other teams using the Cal Poly SLM machine.

7.6 Final Verification Plan
1) 4/24/17- The SLM machine was up and running with a build so a laser thermometer was
taken and point on the outside of the build volume where the sensor were expected to be
placed in order to verify that the sensors had the capabilities of producing viable data.
2) 4/26/17- The first build was made in the SLM using the same stl file that Lawrence
Livermore National Laboratory had used in order to verify that the SLM at Cal Poly
could reproduce the results that had been shown before.
3) 5/1/17 - The same stl file as the first build was used but was ran with the heated build
plate to see if the results that were seen at Lawrence Livermore National Laboratory
could be reproduced.
4) 5/9/17- A different stl file was sent due to the first two parts not failing. The part was
produced and failed in a manner different than what had been expected.
5) 5/22/17- The same part that had been previously produced was made again with the
sensor system installed and under different parameters. The part again failed in a different
manner than expected but more closely resembled the expected faile than build #3.

7.7 Expectations
In order to achieve the requests from Lawrence Livermore National Laboratories, the Cal
Poly team will be relying on their sponsors and the IME department. The IME department is in
charge of the installation of the SLM machine, and if the machine is not up and running by the
promised dates, adjustments to the schedule and test plans will be made. The given plan is
designed so that the team can continue working and designing the system until after the expected
installation day of the SLM machine, thereby allowing some schedule leeway if the machine is
not fully operational. If the SLM machine is not operational for the duration of this project,
Lawrence Livermore National Laboratories has agreed to do some of the testing with the sensor
system designed by the Cal Poly students. In return they will share the results so that analysis
and adjustments can be made to the Cal Poly sensor system. As part of the Cal Poly Mechanical
Engineering Senior Project program, financial sponsor for any sensors that are required as a
result of the design process. The Cal poly team is confident that with the support of both
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Lawrence Livermore National Laboratories and the IME department, they will be able to
produce a successful sensor system.

7.8 Updates to 7.7 Expectations
Expectations from Cal Poly are as follows: Cal Poly will allow the sensor system to be
integrated into the SLM machine. This is with the assurance from the Cal Poly Senior Project
Team that there will be no permanent alterations made to the machine. The Cal Poly IME
department will also allow the senior project team time with the machine to install the sensor
system as well as run the parts specified in the Test Plan of section 5.4. Cal Poly will also
provide the students access to CNC machines and similar manufacturing options to fabricate the
mounting structures for the sensors.
Expectations from Lawrence Livermore National Laboratory are as follows: Lawrence
Livermore National Laboratory will provide the Cal Poly senior project team with sensors
determined by research and joint decisions. Lawrence Livermore National Laboratory will also
provide the Cal Poly senior project team with the geometry (.stl file) for a part to be made on the
Cal Poly SLM machine that will consistently break in a violent manner within a short period of
time to test the capabilities of the sensors.

7.9 Hazards
When dealing with such an intense process such as SLM, there are going to be various
hazards. Based upon the Design Hazard Checklist (Appendix C), these are the main hazards
anticipated with this project:
● Hazard: There will be explosive or flammable liquids, gasses, or dust fuel as part of the
system.
○ Corrective Action: Since the SLM process deals with very fine particles of metal,
with some of the metals being reactive, there is the possibility of a reaction
occurring. However, with the safety protocols that are followed at Lawrence
Livermore National Laboratory and at Cal Poly, tests are done before any new
powder is used in order to maintain a safe lab environment.
● Hazard: The system will be exposed to extreme environmental conditions such as fog,
humidity, cold or high temperatures.
○ Corrective Action: The SLM process generates large amounts of heat, as high as
4000° C at the melt pool. With that being said, the system will only be exposed to
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a max of 200° C. To be able to do this safely, the system will have components
that will be able to handle a large amount of heat while still being able to
accurately collect crucial data.

8.0 - Manufacturing
The manufacturing portion of this project was creating the containing ring for the
acoustic emissions sensor. This was to be created out of stainless steel, as steel has a high
melting point, and stainless is not magnetic and therefore would not interfere with the SLM
machine. A ¾” x 2” x 3’ bar of 304 Stainless Steel was purchased from McMaster Carr and cut
into 6 pieces (5 pieces, 19cm, 17.5cm, 17.5cm, 16cm, and 7cm) using a bandsaw (both vertical
and horizontal). Each piece was then milled down to size, drilled and tapped with M5-0.8 holes
according to the CAD drawings (Appendix G). The 19cm steel piece was milled to create a
pocket for the acoustic emissions sensor, and the top plate was milled with a shallow pocket to
accommodate for the exact height of the sensor.
The material decision was made early on in the process, before temperature tests were
run. Steel was chosen over aluminum because at the time, there was no information on how hot
the sides of the build chamber could get. There was no real structural or weight requirement for
the containing ring, the main decision factor was the temperature. The melting point of
aluminum is approximately 660°C and the melting temperature of steel is around 1400°C, and
depending on where the part was located during the build, the heat from the metal powder fusion
could dissipate through the surrounding metal powder and permeate through the surface of the
build chamber, creating a much higher temperature on the external build chamber walls.
However, temperature tests were run approximately one month after the material was ordered
due to the SLM machine being out of service, so steel was decided on as a cautious choice. Once
the tests were run, it was discovered that the temperature of the external walls of the build
chamber never reached above 50°C, so aluminum would have been a better choice.
In addition to being cheaper than steel ($45 compared to $133 for the desired size),
aluminum is much easier to machine. During the machining process, steel “work hardens”,
creating a surface layer that is much more difficult to machine. This caused a large delay in the
completion of the manufacturing, as many tools were broken on during this process. The
difficulties machining steel accounted for approximately 2 additional weeks of manufacturing
time.
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9.0 - Testing
Initially, the test plan that was going to be executed included running the SLM with
various part geometries while the sensor system was installed but not functioning, to ensure that
the sensor system was not interfering with the SLM machine in any way that would be
detrimental to the parts being built. Then the sensor system was to be tested by gathering data
from a part that was designed not to crack and comparing it to a part very similar in geometry,
but designed to crack, so that data could be compared between the two runs. This test would
establish a baseline for the data, in addition to providing information to what a crack response
would look like. Following the comparison between the two similar parts, a build would be run
where the part was guaranteed to crack at a given time, to see if the sensor system detected the
crack during the expected period. That would conclude the specific testing to validate the
feasibility of using these sensors to detect cracking in additive manufacturing builds, but the
sensors would remain installed to be used for future builds, to detect if and when parts cracked,
so that forensic studies would be easier to perform and evaluate the design of the parts.
However, the machine was not available nearly as often as expected, which greatly
reduced the amount of testing. Initially, the installation date was set for early November, and the
Cal Poly senior project team was told that they would be able to run builds starting in December.
Due to complications with installing the machine and requiring technicians from SLM to travel
to Cal Poly to complete the installation, the SLM was not functioning until March. This
drastically changed the testing plan. Rather than having time for multiple builds per test run,
there was only time for 4 builds total. These builds were of the specific geometries that
Lawrence Livermore National Laboratory provided with Cal Poly, that they had run on their
machines. These parts were designed to crack, and had been run as part of a multi-part cracking
study at Lawrence Livermore National Laboratory. The geometry was such that as the build
progressed, the thermal stresses would pull the material away from the “legs” and crack at the
smallest cross-sectional area (see Figure 17).
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Figure 17:Geometry of parts intended to crack

The first two runs of this geometry did not produce any cracking, as shown in the following
figures . The initial test took place on April 26th, 2017.

Figure 18: Final product of Run #1
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As shown previously, there is no sign of cracking in this part. Cracking was expected
along the line that denotes the first shift in geometry at the bottom, where the surface area begins
to increase. While discussing why the part did not crack, it was determined that this particular
run had been done with the heading element on, as was the standard procedure. However, the
build plate increases stability of the build, and decreases the likelihood that the part will crack.
As no crack occurred, the same part was run again without the heating element turned on. Run
#2 was performed on May 10th, 2017, later than anticipated due to the machine running out of
the Argon gas that is necessary for the machine to function. The results are shown in Figure 19.

Figure 19. - Final Product of Run #2

Even with the heating element disabled, this geometry did not crack. In discussing this
result with Lawrence Livermore National Laboratory, a new geometry was suggested that had
cracked successfully at Lawrence Livermore. This geometry had a smaller surface area at the
point that the part was designed to crack, smaller leg sections. This area would be more affected
by the thermal stresses, and more likely to crack. The third run was performed on May 17th, after
receiving the new part geometry from Lawrence Livermore National Laboratory. The results are
shown in Figure 20.
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Figure 20. - Final Product of Run #3

Figure 21. - Final Product of Run #3
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As shown in Figures 20 and 21, Run #3 did fail. However, this is not the failure mode
that was expected. Despite compete catastrophic failure, there was no cracking across the
intended section. In the forensic discussion that followed the discovery of this failure, it seemed
as though the powder had been unable to spread across the entire build plate, creating a dam that
did not allow full coverage. This created a hollow in the part, where the lasers ran over the same
section without new powder being spread, creating the pocket of material welded to itself rather
than the expected geometry. This would not produce the single crack response that was expected
to be detected by the sensors. As this was not an acceptable result to run with the sensors, the
same geometry was run again by itself in the middle of the build plate, to prevent any dams that
could have occurred due to the part initially being placed towards the edge of the build plate, and
ran with multiple other parts on the same build plate. The results from Run #4 are shown in
Figure 22.

Figure 22. - Final Results from Run #4

While Run #4 did have failure at the expected design point, it was not the intended failure
that Lawrence Livermore National Laboratory had produced. They had gotten a single crack
across both “leg” portions, with no deviation in the rest of the part. As shown above, there is a
large deviation from the intended part geometry after the crack on the right leg. This is most
likely due to warpage, and then powder particles outside of the desired geometry being attracted
to the heat of the warpage and welding on to the displaced material. The sensors were installed
for both Run #4 and Run #3, and the data results are discussed in Section 10.
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10.0 Results
As stated in the previous testing section, due to time constraints the full extent of testing,
data collection and analysis was not able to be completed. However, the tests that were
completed show promising results for being able to detect when a crack has occurred during the
manufacturing process. Specifically, using the triaxial accelerometer mounted to the ceramic
plate located under the build plate, data was able to be collected and analyzed, determining that
there was an event that occurred during the build.
Results from the initial baseline sensor testing with the machine were limited. When this
testing was taking place the SLM was not in full working order with the part of the powder recoater removed for repair. Therefore, collecting data mimicking the exact natural motion and
functionality of the SLM was not possible. Data was still able to be collected to baseline the
movement of the elevator and limited functionality of the powder spreader and re-coater. These
baseline tests allow for an automated program (LabView or another implementation) to be able
to distinguish between individual events that are to be expected during the manufacturing
process and events that are not part of the normal manufacturing process.
The first test that was completed with the sensors in the machine was designed to collect
data during a build of a part that would crack. After collecting this data, comparisons were made
between the baseline data and data collected during a build. However, the resulting failure mode
of the part was outside of the scope of the part failure that is trying to be detected. The data
collected, nevertheless, is valuable and will be used in order to create an even stronger baseline
for comparison. See Appendix I for more graphs and analysis.
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Figure 23: X-plane data from in machine test 2 (17:30 to 1:23:30)

Seen in figure 23 above, which is a section of data that was collected during the second in
machine test, there is clearly an event around the 240 mark, which represents approximately 1
hour into the build. Given the nature of the failure of the part, seen below in figure 24, it can be
deduced that an event occurred during the build process. However, since the mode of failure was
not mode that was expected, the results cannot definitively be classified as detecting a cracking
event occurring. What this data does show is that it was able to detect an abnormal event
occurring, whatever may have caused it. Integrating the baseline testing to identify normal
operations of the SLM machine and single out anomalies, such as the one pointed out above, will
allow automated programs (LabView or other implementations) to detect a crack in the part
during the manufacturing process.

Figure 24: Part Failure
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Overall, the results from testing were mixed. Given unforeseen issues with the SLM
machine, and other complications such as issues with designing a part that will repeatedly crack,
caused setbacks the ultimately affected the degree to which the test plan and analysis was
completed. In terms of feasibility of being able to detect a crack that occurs during the
manufacturing process, the integration of accelerometers and acoustic emission sensors into the
SLM machine itself will be able to detect failure modes that do occur during the manufacturing
process. Given proper signal analysis and integration with a LabView or some other interfacing
program, the user could be alerted when an event occurs that is not expected.

11.0 Challenges
The main challenges in this project were coordinating between Cal Poly’s Industrial and
Manufacturing Engineering Department and Lawrence Livermore National Laboratory. This
mainly stemmed from the nature of the project, being more research based as opposed to a true
design project. The timeline that is used as the outline for this project is more conducive to a
project that is not as research based, along with data collection and analysis. This project heavily
relied on the availability of the SLM machine at Cal Poly, which was often out of service due to
maintenance issues. As mentioned above, the machine was not functioning until March, and the
team had been told that they would have access to it to begin running tests in November. Once
the machine was running, the revised testing plan was often pushed back by a week due to
different components of the machine breaking, most often the contraption that re-coats the
powder layers. These delays led to there being only 4 builds run for this project.
Another major challenge was that there was no information available on the internal
geometry of the SLM. As outlined in the Design Section of this report, the design for this project
changed drastically over the course of a few months. Initially, the sensors were to be embedded
in the build plate itself, and the altered build plate could be manufactured in-house at Cal Poly.
However, it was then revealed by SLM that there was a mounting plate below the build plate,
and the design was adapted to utilize the mounting plate in the same way. Once that design was
complete, SLM said that there was a heating element under the mounting plate, that was
necessary for certain materials. After discussing with the Cal Poly Industrial and Manufacturing
department, the design changed to removing the heating element and placing the sensors in the
cavity that held the heating element. However, SLM then said that there was a hermetic seal that
could not be broken without compromising the performance of the machine. So the sensors were
mounted to the lowest point on the chamber mechanism and the external walls of the build. The
entire process of switching designs took about 4 months.
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Once testing began in the Cal Poly SLM, it was difficult to replicate the single violent
crack that Lawrence Livermore National Laboratory experienced in parts of the same geometry.
This is most likely due to the make and models of the Cal Poly machine being different than the
ones used by Lawrence Livermore National Laboratory. The settings and defaults are different
between the machines, and it would have taken many trials to replicate the exact same results
with the same machine parameters. The main part of this project was testing the sensors on a
simple part that would crack in a predictable manner. This never occured on the parts produced
by the Cal Poly machine. Because there was never a solitary crack in the parts from Cal Poly, it
was impossible to analyze the results and see a single point where the sensors registered a crack,
as was the initial expectation. However, despite the part geometry not performing as expected,
enough information was available to determine that these sensors would be feasible in this
application.

12.0 Next Steps and Recommendations
While this project did not provide the direct results expected, it did provide enough
insight to show that the sensors chosen would be able to detect discrepancies in a build related to
violent cracking. In order to further this project, the following plan has been recommended.
At Cal Poly: continue gathering data with the sensors installed, running a similar part
geometry to Run #3 and run #4, changing the parameters on the machine until the part cracks
successfully. It has been suggested that the part be run with the “grid” laser setting, as this could
produce more drastic thermal stresses. It is also recommended to alter the laser power, scan
speed, layer thickness, and to run the sensors currently installed with varying part geometries to
continue to investigate what a baseline could be for different geometries. It would also be helpful
to establish if there is an exact frequency with which the recoated passes across the build plate,
as this could be used to normalize the data.
The acoustic emissions sensor was never able to be utilized at Cal Poly due to the
required cabling not being specified or ordered. The acoustic emissions sensor will provide a
more holistic approach to data collection and analysis. The acoustic emissions sensor should be
installed into the Cal Poly SLM machine as soon as possible to further the progress of this
project.
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At Lawrence Livermore National Laboratory, it is recommended to install the
accelerometers in the same way that they are installed at Cal Poly. If multiple sets of sensors can
be purchased, it would be interesting to put them in different locations on the machines to
determine if specific locations are better or more feasible than others. This could also aide in
determining the location of any abnormalities with regard to the build plate, which would help
with forensic analysis. This would lead to a better understanding of which features are more
stable in the part design, and will help prevent failures in future parts. It is also recommended to
place the sensors on different machine models, to see if there is a large variation in the data
received when comparing the SLM machines to Concept Laser machines. There is expected
variation between machines of the same model as well, so these tests would provide a more
comprehensible understanding of whether these sensors are capable on all additive
manufacturing machine or just certain makes and models.
For data analysis, it is recommended to implement a LabView VI that would be able to
do real time analysis of the system. There are LabView drivers for the Kistler LabAmp that will
allow for seamless integration with the device. Due to time constraints and a limited amount of
data collection, there was not enough of a baseline that was able to be established in order to
create an effective automated program. With a strong baseline for expected events, a LabView
VI is a promising route that will be effective at analyzing real time data and alerting the operator
if there is an anomaly.

13.0 Conclusion
Overall the Cal Poly Additive Manufacturing Failure Detection team was able to find
sensors capable of detecting activity in the SLM during part builds. The team was able to see a
response in the machine as it produced builds. The response was found through the use of the
triaxial accelerometer and the research suggests that if an acoustic emission sensor were to be
integrated into the SLM then it may be able to obtain better results for a baseline and may be
better to detect failure than the current results provided from the accelerometer. Due to the time
constraints more runs were not able to be completed that would have been able to produce a
baseline of the response expected from the accelerometer. With a few more builds and setting
parameter constraints during builds a successful baseline can be created. LabView VI will be
useful with a fully integrated sensor system at detecting failure in real time once a baseline has
been established.
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14.0 Lessons Learned
The main take-away for the Cal Poly Students was that the scope of a project can change
drastically over the course of a year. New information can be provided that completely changes the initial
design. As outlined in the Design section, there were many design changes due to information being
released that contradicted the initial assumptions. This changed the design, and nearly changed the entire
scope of the project. The students learned that it is very important to be flexible with design changes, and
be resilient when requirements are changed at the last minute. Another important lesson was not to rely on
machines that are new and have not been fully implemented into a permanent program. It was difficult to
schedule time to implement the proposed test plan when the machine was down for a week at a time every
few weeks. Had this been foreseen, more effort would have been put into creating a backup plan to
validate the sensors outside of the SLM.
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Appendix A
Quality Function Development Spreadsheet
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Appendix B
Picture of the inside of the Cal Poly SLM 125 machine

This picture highlights some of the difficulties in working with the machine. The space available
to work with is very small, and located below the large plate in the middle of the picture. The
quality of this picture is poor because the small window that interfaces between the work space
in the machine and the operator is heavily tinted. This could be an obstacle for optical sensors
from the external of the machine.
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Appendix C - Design Matrix
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Appendix D - Safety

Design Hazard Checklist Page 1
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Design Hazard Checklist Page 2
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Appendix E - Change Log from Project Proposal
Edits for Report:
(Check box)

PDR
CDR
FDR

1

Source of
recommended edit
(Sponsor, Advisor,
Team, Reviewer)
Sponsor

2

Sponsor

2
3

Team
Sponsor

4

Reviewer

7

Team

Report
Section #

X
X
X
Brief description of edit
Updated specific wording and added specific information
given by the sponsor.
Added specific information regarding the machine and
updated statistics.
Reworked paragraph structure.
Edited based on feedback from sponsor about the
objective of the project. Also removed information that
was not needed.
Split Management plan up into sections based on
deadlines and tasks.
Included references that were mistakenly left off of
report
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Appendix F - Data Acquisition GUI

Analog Data Acquisition Screen

Data Acquisition and Export Screen
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High-Pass, Low-Pass, and Notch Filter Setup Screen
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Individual Configuration Options for Each Sensor
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Appendix G - Final Design Layout
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Appendix H - Kistler Purchase Order
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Appendix I - Analysis of Collected Sensor Data

X-Axis

Z-axis
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Y-Axis

Single Axis
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Appendix J - Acquisition Settings

Main LabAmp Settings

Triaxial Sensor Settings
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Single Axis Sensor Settings
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Appendix K-Gantt Chart
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